, and ment, a 72% higher content of lipid peroxidation prod-La 3/ cause liposome aggregation, fusion, and permeaucts was found in brain myelin. The fluidity of myelin bilization and those effects were positively correlated evaluated by the polarization fluorescence of 1,3-di-with the capacity of the metals to promote Fe 2/ -initiphenylhexatriene was significantly higher in the Al 3/ -ated oxidative damage to membrane lipids (6). Recent intoxicated mice than in controls. Since myelin has a evidence (7) indicates that Al 3/ , Sc 3/ , Ga 3/ , In 3/ , Be 2/ , high relative content of lipid:protein compared to Y 3/ , and La 3/ promote the formation of clusters of negaother membranes, these results support our hypothe-tively charged phospholipids, where the mobility of the sis that ions without redox capacity can stimulate in acyl chains from fatty acids could be restricted, thus vitro and in vivo lipid oxidation by promoting phase accelerating lipid peroxidation.
) is one of the most abundant metals moted protein-associated carbonyl production in my-in the environment and is proposed to be involved in elin, while in synaptic membranes, the stimulatory ef-several neuropathologies (1, 2). Golub et al. , and ment, a 72% higher content of lipid peroxidation prod-La 3/ cause liposome aggregation, fusion, and permeaucts was found in brain myelin. The fluidity of myelin bilization and those effects were positively correlated evaluated by the polarization fluorescence of 1,3-di-with the capacity of the metals to promote Fe 2/ -initiphenylhexatriene was significantly higher in the Al 3/ -ated oxidative damage to membrane lipids (6) . Recent intoxicated mice than in controls. Since myelin has a evidence (7) indicates that Al 3/ , Sc 3/ , Ga 3/ , In 3/ , Be 2/ , high relative content of lipid:protein compared to Y 3/ , and La 3/ promote the formation of clusters of negaother membranes, these results support our hypothe-tively charged phospholipids, where the mobility of the sis that ions without redox capacity can stimulate in acyl chains from fatty acids could be restricted, thus vitro and in vivo lipid oxidation by promoting phase accelerating lipid peroxidation.
In mice chronically fed high Al 3/ diets, higher levels of lipid peroxidation products were found in brain (8) . nol:sulfuric acid (100:2, v/v) at 60ЊC for 2 h. The fatty acid methyl related metals. In the present work we evaluated the esters were extracted with chloroform and distilled water. pregnancy and early development.
Peroxidation index (PI) was calculated as PI Å (monoenoic % 1 0.025)
MATERIALS AND METHODS
Lipid-soluble antioxidants. Myelin (0.4 mg protein) was added Chemicals. Aluminum(III) potassium sulfate, gallium(III) chlowith 1 ml of methanol and extracted with 4 ml of n-hexane. Samples ride, indium(III) chloride, yttrium(III) chloride, scandium(III) chlo-were vortexed for 1 min and centrifuged for 5 min at 1000g. Aliquots ride, and beryllium(II) sulfate were purchased from Aldrich Chemi-(3 ml) of the upper layer were evaporated under N 2 , resuspended in cal Co. (Milwaukee, WI). Lanthanum(III) chloride was from Sigma 200 ml of methanol:ethanol (1:1, v/v), and filtered through a 0.22-mm Chemicals Co. (St. Louis, MO). Diphenylhexatriene was from Molecpore membrane. a-Tocopherol concentration was determined in the ular Probes Inc. (Eugene, OR). methanol:ethanol extracts by HPLC on a C 8 reversed-phase column Animals. The in vitro experiments were carried out using adult with an in-line BAS LC4C electrochemical amperometric detector Wistar rats (250 g) fed a semipurified commercial chow. For the in with a glassy-carbon working electrode at an applied oxidation potenvivo experiments NIH mice (seven animals per group) were fed puritial of 0.6 V and ultraviolet detection (275/290 nm) (17). For ubiquinol fied diets containing either 3 or 1000 mg Al/g diet (Al 3 and Al 1000, determination, the extracts were reduced for 30 min in the dark with respectively) from Day 0 of pregnancy (9) . At Day 40 of age, their BH 4 Na. After reduction, ubiquinols were extracted as described for offspring were killed by overexposure to carbon dioxide and brains a-tocopherol. Antioxidant concentration was quantified using comwere quickly excised and placed at 4ЊC. NaCl buffer, pH 7.4 (0.05 mg protein/ml), was added with 4 ml of Incubations. Myelin (0.25 mg protein/ml), synaptic membranes 5 mM DPH in dimethyl sulfoxide. The probe was incorporated into (0.5 mg protein/ml), microsomes (0.5 mg protein/ml), and mitochon-the membranes by incubation for 30 min at 37ЊC. After incubation, dria (0.5 mg protein/ml) in 20 mM Tris-HCl, 140 mM NaCl buffer, fluorescence polarization was measured at 450 nm (l excitation : 360 pH 7.4, were incubated for 90 min at 37ЊC in the presence of 0.1 to nm) at 37ЊC. duction (Fig. 1B) . Unlike the results obtained in myelin Analysis of fatty acids. Membrane lipids were extracted according membranes, the stimulation of lipid peroxidation in to Folch et al. (13) , dried under N 2 stream, and esterified with methasynaptic membranes was similar for all the metals.
Based on the greater susceptibility of myelin than synaptic membranes to lipid peroxidation, we investi-
To evaluate whether the differential susceptibility of myelin relative to synaptic membranes to metalmediated lipid peroxidation is due to differences in membrane composition, the content of negatively charged phospholipids, fatty acids, and lipid-soluble antioxidants was characterized. The relative content of phosphatidyl serine and phosphatidyl inositol (preferential metal-binding sites) was similar for both membranes (Table I) . Synaptic membranes had a higher (P õ 0.001) relative content of poly-unsaturated fatty acids, which are substrates of lipid peroxidation (Table II) . The concentration of a-tocopherol was 47% higher in myelin than in synaptic membranes (Table III) , while the concentrations of ubiquinol-9 and ubiquinol-10 were 110 and 96% higher in synaptic membranes than in myelin, respectively. (Fig. 3) . In synaptic membranes the stimulatory effect was observed when membranes were incubated in the presence of Ga other membranes (mitochondria, microsomal) to Alstimulated lipid peroxidation. For that purpose, brain myelin, synaptic membranes, mitochondria, and microsomes, at a similar phospholipid concentration, were incubated for 90 min at 37ЊC in the presence of 100 mM Fe 2/ and 100-1000 mM Al 3/ (Fig. 2) . The basal levels of TBARS were 1.7 { 0.3 nmol/mg protein for myelin, 1.61 { 0.09 nmol/mg protein for synaptic membranes, 3.2 { 0.7 nmol/mg protein for mitochondria, and 3 { 1 nmol/mg protein for microsomes. After incubation in the presence of 100 mM higher than 200 mM. At 800 mM Al 3/ concentration, the -mediated oxidative ent, a tendency (P õ 0.07) toward higher concentradamage to lipids was investigated. For that purpose, tions of Al 3/ was observed in myelin from the Al 1000 mice were fed diets containing 3 or 1000 mg Al/g during group (22 { 2 ng Al/g fresh tissue) compared to the pregnancy and until Day 40 postnatal. At 40 days of control group (16 { 2 ng Al/g fresh tissue). age, excess dietary Al 3/ did not affect offspring body or The fluidity of myelin membranes was evaluated by brain weights (data not shown).
a fluorescence polarization method, using DPH as a Lipid peroxidation was evaluated in the 40-day old probe. The order parameter (Sp) measured in myelin pups in brain homogenates and myelin membranes. from the Al 1000 mice was significantly higher (P õ TBARS content in brain homogenates was similar be-0.01) than in the Al 3 group (0.660 { 003 and 0.676 { tween groups (Fig. 4) . In myelin, TBARS concentration 0.003 for Al 3 and Al 1000, respectively). (nmol/g fresh tissue) was 72% higher (P õ 0.01) in the
DISCUSSION
Al 1000 group, compared to the Al 3 mice (Fig. 4) . tion of certain amino acids (histidine, proline, arginine, and lysine). Carbonyl residues are also incorporated into proteins through covalent binding with products of lipid peroxidation, like 4-hydroxynonenal (21). In both cases, the protein acquires new carbonyl groups that can be detected by reaction with 2,4-dinitrophenylhydrazine. However, the origin of the carbonyl group cannot be elucidated using this methodology. Al 3/ and related metals significantly enhanced the content of protein-associated carbonyls in myelin and synaptic membranes. No significant correlations were found between the effect of metals on lipid and protein oxidation for either myelin or synaptic membranes. This lack of correlation suggests that the reaction of lipid peroxidation products with membrane proteins is not the only ity of myelin to metal-mediated lipid peroxidation, factors that could affect the extent of lipid peroxidation were characterized in myelin and synaptic membranes. The concentration of negatively charged phospholipids in the presence of Fe 2/ (6). Since these metals have no redox capacity in biological systems, they cannot (potential metal-binding sites) was similar for both membranes. The peroxidation index was lower and the initiate lipid peroxidation per se. Evidence from our laboratory showed that these metals could promote concentration of a-tocopherol was higher in myelin than in synaptic membranes. These results indicated the formation in the membrane of clusters of negatively charged phospholipids (7) . Since the mobility that differences in membrane binding sites or in the concentration of lipid peroxidation substrates or antiof the phospholipid acyl chains was restricted, results indicated that metal-mediated membrane rigidifica-oxidants do not account for the particular susceptibility of myelin to Al 3/ -mediated oxidation. Since the reletion and phase separation could act synergistically to facilitate the propagation of lipid peroxidation ini-vance of the antioxidant role of ubiquinols in biological membranes is still under discussion, it is not possible tiated by Fe 2/ . In brain homogenates, Al 3/ and related metals added to evaluate the impact of the different content of ubiquinols on how prone myelin and synaptic membranes in vitro were previously shown to enhance Fe 2/ -initiated lipid peroxidation (3, 19) . In the present work, we are to oxidation.
The particular susceptibility of myelin to Al 3/ -mediextended these findings characterizing the susceptibility of different brain membranes to Al -supported lipid peroxidation in myelin is similar to that preis in agreement with that previously observed in liposomes (6) . For all the metals studied myelin was more viously observed in liposomes (6) , in which the mentioned mechanism was demonstrated (7). Accordingly, susceptible to lipid oxidation than synaptic membranes. At 800 mM Al 3/ , the stimulatory effect was 3.5, in synaptic membranes, which contain a high proportion of proteins (70%), in addition to a low stimulatory 2.1, and 2.2 times higher in myelin compared to synaptic membranes, mitochondria, and microsomes, respec-effect on lipid oxidation, the stimulation of lipid oxidation was low and the magnitude of the effect was simitively. The extent of the effect did not depend on differences in lipid concentration, since incubations were lar for all the metals.
Based on the in vitro results, we investigated the performed using similar amounts of phospholipids for all the membranes.
possibility that also in vivo myelin could be a preferential target for Al 3/ -mediated lipid peroxidation. We Proteins can undergo oxidative modifications through several mechanisms (20) . Carbonyl residues found that mice fed diets containing 3 or 1000 mg Al/g during gestation and early development (40 days postare formed in proteins by redox metal-catalyzed oxida-natal) had similar contents of TBARS in brain. Simi-ACKNOWLEDGMENTS larly, it was previously shown that adult mice fed high This work was supported by grants from the University of Buenos Aires, Fundación Antorchas, and NIH ES 04190.
Al
3/ diets (1000 mg Al/g) for 5 or 7 weeks had similar levels of lipid peroxidation products in brain as mice
